We propose a method to estimate stress magnitudes in oceanic plate interiors from focal depths and focal mechanisms. Using a depth-dependent theology, we show it is possible to estimate the differential stress ((•1-(•3), averaged over some reference lithospheric thickness. The resolving power of the method is investigated by evaluating the effect of uncertainties in parameters that are involved in the analysis. We apply the method to the Central Indian Ocean, where intraplate seismicity is high. From well-studied earthquakes we esr•.ate a
INTRODUCTION
Earthquakes relax stresses within the lithosphere, and therefore information on the stress distribution at the hypocenter is contained in seismograms. The relevance of intraplate stresses in the context of plate dynamics is an important motivation to study earthquakes in the interior parts of the plates. Directions of principal stresses are generally derived from focal mechanisms, either directly from P and T axes or via the criterion of Raleigh et al. [1972] if one of the nodal planes can be identified as the fault plane. The general consistency of stress trajectories obtained from focal mechanism data and their good agreement with stress orientations derived from various other indicators show that such directions have a regional significance [Zoback et al., 1989 ]. However, a more complete specification of the stress field also requires magnitude information.
We propose a method to estimate differential stress magnitudes in oceanic plate interiors. By relating focal depth and focal mechanism information to a depth-dependent theology, it will be shown that we can estimate the differential stress level in the lithosphere where an earthquake occurs. Hence, starting from high-quality seismological data and a model for the theology of the lithosphere (which involves several assumptions and simplifications), we derive estimates for the stress level in the lithosphere. Composition and temperature structure within the lithosphere need to be known well enough to obtain a good approximation of the strength distribution with depth. Compared with continental lithosphere, oceanic lithosphere is therefore more suited for application of the method, although no principal objections exist to using it in continental areas. In this paper we focus on estimating differential stress magnitudes in oceanic plate interiors. Well-resolved earthquake depths are a prerequisite for Copyright 1992 by the American Geophysical Union.
Paper number 91JB01797. 0148-0227/92/9 HB-01797505.00 the method, so that intraplate earthquakes that have been the subject of depth relocation studies provide the best data for estimating stress magnitudes in oceanic plates.
The high seismicity in the Central Indian Ocean [e.g., Wiens and Stein, 1983, 1984; Bergman and Solomon, 1984, 1985] makes this area very well suited for studying the relation between seismicity and differential stress magnitudes. In a force modeling study of the Indian plate, Cloetingh and Wortel [1985, 1986] calculated stresses in the Central Indian Ocean that are very high (several hundreds of megapascals) in comparison with studies by Richardson et al. [1979] and Richardson [1987 Richardson [ , 1989 . In agreement with Cloetingh and Wortel's results, Zuber [1987] and McAdoo and Sandwell [1985] found that hundreds of megapascals stresses are required to explain the gravity highs in the Central Indian Ocean that are attributed to basement undulations as a result of lithospheric buckling. We will test whether Cloetingh and Wortel's stress results are approximately an order of magnitude too high, as suggested by Richardson [1987, 1989] . Therefore, at stages in the analysis when assumptions need to be made, we will adopt those assumptions which (1) are considered to be realistic and (2) give low-end differential stress estimates. Finally, we will estimate differential stress magnitudes for the Pacific Ocean from its seismicity, which is significantly lower than in the Central Indian Ocean.
RHEOLOOY
In relating the depth of an oceanic intraplate earthquake to the stress field in the lithosphere, the theology model adopted strongly affects the inferred differential stress values. In this section we briefly describe the theology model adopted in this paper. Brittle deformation in oceanic lithosphere is expected to occur at shallow depth. We assume that the strength (el-03) in the brittle regime is described by Byerlee's [1978] The strength of brittle rock is to a first approximation insensitive to temperature and is mainly pressure-controlled. The stress required for initiation of slip on precut rock faces was found by Byeflee [1978] to be insensitive to rock type. A linear frictional law provides a useful approximation of brittle strength in the lithosphere, particularly at effective pressures above approximately 100 MPa, where the initial surface roughness has little or no effect on friction [Byerlee, 1978] .
An estimate of the pore fluid pressure at the fault surface is required to calculate the brittle strength with Byerlee's law. Fluid pressures may range from zero to superlithostatic and are not known in general. Lacking detailed information on pore fluid pressure distributions in the seismic source regions, we assume that the pore fluid pressure is hydrostatic. As the manfie source region for the growth of oceanic lithosphere is very likely to be extremely depleted in volatile elements [Anderson, 1989] , very litfie water is available for building substantial fluid pressures in sub-crustal oceanic lithosphere [Dixon et al., 1988] . Ophiolitic rocks show evidence of hot water percolation in the crust, where an open system of pores is likely to exist. Therefore, fluid pressures probably are close to hydrostatic in the upper 5-10 km and subhydrostatic in the rest of the oceanic lithosphere. Our assumption of hydrostatic pore fluid pressure therefore yields a lower limit to the brittle strength and is consistent with our approach of getting low-end stress estimates, within the limits of (what we consider to be) realistic assumptions.
The brittle strength (6• -63) depends on which of the principal stresses is vertical. We adopt the convention that compression is positive and that •_>•2>g3. If g3 is vertical, the resistance of preexisting faults to sliding is largest ("compression" curve in behavior [Goetze and Evans, 1979; Tsenn and Carter, 1987] . In the present study we used a powerlaw flow law for "wet" olivine with an average grain size of 1 mm and an exponential law with data from Tsenn and Carter [1987] . As argued in our discussion on pore fluid pressures, we do not actually expect the oceanic lithosphere to be wet but use the present flow law in order to get a lower bound on the stress magnitude. Oceanic geotherrns are a function of lithospheric age. Temperature profiles in oceanic lithosphere are calculated using Crough's [1975 Crough's [ , 1977 
Constraints on Brittle Strength From Vertical Slip Components
If a vertical cross section of brittle rock, deforming by plane strain, is subjected to a horizontal in-plane stress, faults exhibit normal slip in response to tensile stress and reverse slip due to compressive stress. As the brittle strength is weaker in tension than in compression, one could infer whether to use the "tension" or "compression" branch (Figure 1 ) from the vertical slip component. However, ff stresses and strains are threedimensional, the relation between vertical slip components and brittle strength is unclear.
The minimum shear stress required for initiation of slip on preexisting faults is described by Byerlee's [1978] law, whereas new faults will be created at higher shear stresses described by Coulomb's [ 1773] law. Byedee's law predicts the most favorable fault plane orientation as well as the minimum shear stress that is required for initiation of slip [see Turcotte and Schubert, 1982] . However, if this particular fault is not present, the strength of the system is higher. Preexisting faults that are less favorably oriented might become activated at higher stress magnitudes.
We have used a three-dimensional numerical model, employing Byerlee's and Coulomb's laws, to determine bounds on the brittle strength from vertical slip components (Appendix A). We conclude that if the focal mechanism solution indicates a reverse slip component, the brittle strength is limited by "compression" and "intermediate" branches in Figure 1 . In case of a normal slip component, the brittle strength ranges from "intermediate" to "tension". Strike-slip faulting does not provide any constraint on the brittle strength.
The sign of the vertical slip component is identical on both nodal planes (see Appendix B). Therefore, putting limits on the brittle strength by using vertical slip components does not depend on a proper selection of fault plane and auxiliary plane.
Earthquakes in Ductile Lithosphere
It will become clear in the next section where we explain how to infer differential stresses from earthquakes, that even if events occur in ductile rock, stress estimates would be more accurate if we could limit the range of brittle strengths in the same way we did for brittle earthquakes. Several models have been proposed to explain the occurrence of seismic slip at depths where crystalplastic processes are thought to occur (we will refer to these earthquakes as "ductile events"). Sibson [1980] suggests that brittle frictional sliding within the ductile regime may occur due to compositional differences. Variation of unstable to stable frictional slip on deeply penetrating faults is suggested by Tse and Rice [ 1986] to explain the occurrence of ductile earthquakes. Instability caused by injection of fluids into shear zones and fault gouges, for instance by dehydration reactions, has been put forward by Raleigh and Paterson [1965] and analyzed by Shimamoto [1985] . Finally, creep instability, i.e., catastrophic strain softening due to an increase in strain rate or temperature [Orowan, 1960; Griggs and Baker, 1968; Hobbs et al., 1986; Ogawa, 1987] , has been put forward to explain ductile earthquakes. The seismic radiation pattern of most ductile earthquakes cannot be distinguished from that of a brittle shear fracture. Currently, it is impossible to select one of the proposed models on the basis of seismic or theological data.
In the previous section we discussed how the vertical slip component of a brittle earthquake can be used to tighten the range of brittle strengths that are used to estimate upper and lower bounds to the differential stress. The well-established mechanism of brittle earthquakes was a principal ingredient in this discussion. For ductile earthquakes the mechanism is unknown, so that we consider it unwarranted to attribute significance to the vertical slip component inferred from a double couple representation of the source. Therefore, if a seismic event occurs at a depth where rocks are deforming ductily, we take the full range of brittle strengths into account to estimate the differential stress ("tension" to "compression" branches in Figure 1 ).
DIFFERENTIAL STRESS
The method is designed to yield a measure of stress magnitude that is directly comparable with results from modeling studies. Principal stress magnitudes inferred from modeling generally constitute averages over some (elastic) reference thickness (in the present study we used L,•i=100 km). This reference thickness has no physical meaning and is only used to facilitate comparison of stresses derived from force modeling studies with stresses estimated from earthquakes. The average differential stress is defined as
L is the thermally defined, age dependent thickness of the lithosphere, i.e., the depth of the 1300øC isotherm in Crough's [1975; 1977] model. Bending stresses in the interior parts of the plate are assumed to be negligible.
Method Description
To calculate the average differential stress at an epicentral site, we note that the strength at the focal depth has been exceeded locally (see Figure 1) . No major strength discontinuities occur within oceanic lithosphere, so it is a reasonable assumption that stresses are distributed evenly over the lithospheric thickness. Weak parts of the lithosphere reach their strength at low stresses, stronger parts deform elasticly until stresses increase sufficiently to cause deformation either by flow or by fault slip. We conclude that the strength curve provides an upper limit for differential stresses at depths where the strength is less than that at the focal depth. The differential stress in the "elastic core", i.e., the strong part of the lithosphere where stress is supported elasticly, is at least equal to the stress level at the focal depth [Wortel, 1986; Wortel and Vlaar, 1988] and minimum stress (minimum in Figure 2b ). Note that the the lower ductile part is not affected by the normal slip constraint, for minimum brittle strength in case of reverse slip, and (g) difference between maximum and minimum stress for focal mechanism with a reverse slip component (maximum differential stress in Figure 2a ).
(Ox-O3). In the following we will refer to the average differential stress as "differential stress".
Sensitivity of Results to Input Parameters
Our results are sensitive to two different types of parameters:
variables related to the method, that cause uncertainties in the theology model, and "observational" parameters, like focal depth and lithospheric age. Relevant method-related parameters affecting the depth-dependent theology model are the pore fluid pressure, the assumed strain rate, and the brittle strength. The effect of decreasing the pore fluid pressure is that the brittle strength and, therefore, our stress estimates increase. As discussed before, we aim at getting a lower bound to differential stresses, within the limits of (what we consider to be) realistic assumptions. We therefore did not include pore pressures smaller than hydrostatic in our calculations. For all these events the differential stress is estimated, first without focal mechanism information taken into account and next with inclusion of such information (see Table 1 Since our method yields low-end estimates of the differential stress, our results are more in agreement with those of Cloetingh and Wortel [1985, 1986] than with stress levels found by Richardson [1987 Richardson [ , 1989 , which are about an order of magnitude lower.
PACIHC PLATE STRESSES
Seismicity in the Pacific plate is less abundant than in the Indian plate and focal depth and focal mechanism constraints are relatively poor compared to Indian Ocean data. Table 2 to infer stress magnitudes from earthquakes? While further insight into this aspect has to be gained, we adopt the hypothesis concerning the relation between stress, strength (theology), and earthquake generation proposed by Wortel [1986] . Recognizing that parts of the lithosphere in which the strength is low and where the stress is at or near the strength (comparable with the near-surface part of the oceanic lithosphere) earthquake generation is not observed, he postulated that seismic activity occurs when and where the width (or depth interval) of the anelasticly deforming region increases at the expense of the "elastic core", in other words, when and where the stress reaches the strength for the first time. It was shown that this hypothesis adequately accounts for the distribution of seismic activity in subducting lithosphere [Wortel, 1986; Wortel and Vlaar, 1988] . In this hypothesis the seismic stress drop does not reflect the absolute level of stress but rather a stress adjustment to the equilibrium tectonic stress. Consequently, the seismic strength can be higher than the tectonic strength and earthquakes are envisaged to relax stresses that exceed the long-term strength. The stress drops involved are low, so the long-term strength envelope yields a good approximation of the stresses at the hypocenter.
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Nonequi libr ium Stress Distribution
In our analysis we assumed that ductile rocks in the "elastic core" are able to support stresses elasticly on geologic time scales. If, however, ductile rock is subject to differential stresses it will show some elastic deformation, transient creep and eventually steady state creep. In steady state, the strain rate has equilibrated to the imposed stress. Therefore stress distributions like in Figure 1 cannot represent equilibrium, since ductile rock will eventually support a stress that is equal to the flow stress (the stress we previously named "strength") at some strain rate.
It is clear that the time required for establishing an equilibrium is a (highly nonlinear) function of boundary conditions and theology. Probably, the stresses in the strongest layers will not change very rapidly with time, since their viscosity is very high. Therefore, the "elastic core" can be interpreted as a depth interval where creep in the ductile rocks very slowly alters the stress. We note that there is a great need for a dynamic approach to investigate the stress distribution with depth as it develops with time, if lithosphere is subjected to a stress boundary condition.
Brittle Strength
Our assumptions are aimed at getting a low-end estimate of the differential stress in oceanic lithosphere. However, the brittle strength inferred from Byerlee's [1978] analysis we find that seismicity data require a stress level comparable with that calculated by Cloetingh and Wortel [ 1985, 1986] . Stress levels about an order of magnitude lower, as advocated by Richardson [1987 Richardson [ , 1989 
Focal Depth
Many of the reported depths in Tables 1 and 2 are centroid depths. The centroid depth is the average depth of the fault plane and is therefore not necessarily equal to the initiation depth, the hypocenter. The difference in depth between hypocenter and centroid can be up to 5 km, depending on the wavelengths that were used in determining the centroid depth, the spatial source function asymmetry, the fault plane orientation, and the fault plane dimensions. In our analysis we assumed that hypocentral depth and centroid depth are equal.
CONCLUSIONS
The main objective of the current paper is to investigate the possibility of extending our knowledge of the intraplate stress field with magnitudes. Our present knowledge of lithospheric rheology required to relate intraplate deformation (earthquakes) to stress limits the accuracy of inferred stress magnitudes. Therefore, efforts to make the accuracy of focal depths better than 2 km are not expected to contribute to our knowledge of intraplate stress magnitudes. If the vertical slip component is not well constrained by the focal mechanism, if the faulting is pure strike-slip, or if an earthquake occurs in ductile lithosphere, the uncertainty in differential stresses is large. If the focal mechanism is known with confidence, tighter bounds can be placed on the stress magnitude. 
